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PilC1, a pilus-associated protein in Neisseria menin-
gitidis, is a key element in initial meningococcal
adhesion to target cells. A promoter element (CREN,
contact regulatory element of Neisseria) is responsible
for the transient induction of this gene upon cell
contact. crgA (contact-regulated gene A) encodes a
transcriptional regulator whose expression is also
induced upon cell contact from a promoter region
similar to the CREN of pilC1. CrgA shows significant
sequence homologies to LysR-type transcriptional
regulators. Its inactivation in meningococci provokes
a dramatic reduction in bacterial adhesion to epithelial
cells. Moreover, this mutant is unable to undergo
intimate adhesion to epithelial cells or to provoke
effacing of microvilli on infected cells. Purified CrgA
is able to bind to pilCl and crgA promoters, and
CrgA seems to repress the expression of pilCl and
crgA. Our results support a dynamic model of
bacteria—cell interaction involving a network of
regulators acting in cascade. CrgA could be an
intermediate regulator in such a network.
Keywords: intimate adhesion/LysR-regulator/Neisseria
meningitidis

Introduction

Neisseria meningitidis (Nm) is a pathogenic bacterium
only encountered in humans, where it provokes septi-
caemia and/or meningitis. Bacteria first adhere to the
epithelium of the nasopharynx and may then be trans-
located into the bloodstream. To gain entry into the
cerebrospinal fluid (CSF), Nm has to adhere to endothelial
cells and cross the blood—CSF barrier. Adhesion, a crucial
step in meningococcal pathogenesis, is usually viewed as
a two-step process: (i) initial adhesion, which is pilus
mediated; and (ii) intimate adhesion, which involves other
bacterial and cellular structures. Pili seem to disappear
during intimate adhesion (Pujol et al., 1997). They make
an essential contribution to Nm pathogenicity by allowing
initial localized adhesion to target cells. Meningococcal
pili are of type IV and are composed of a major protein
subunit called pilin. Pili interact with target cells and
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trigger a signal transduction response in them. Several
cellular components have been proposed to participate in
pilus-dependent interaction between bacteria and cells,
such as CD46, a complement regulatory glycoprotein.
Initial binding causes a transient increase in cytosolic free
Ca®" in target cells (Killstrom et al., 1998). In a recent
study, neisserial type IV pili were reported to be required
for cortical plaque formation in epithelial cells (Merz
et al., 1999). The Opa family of neisserial proteins may
interact with several members of the CD66 family (Virji
et al., 1996; Gray-Owen et al., 1997).

Two homologous proteins, PilC1 and PilC2, are also
key elements in the structure of pili, since the production
of at least one PilC protein is required for pilus assembly.
In addition, PilC1 but not PilC2 modulates adhesiveness,
most likely by being the adhesin (Jonsson et al., 1991;
Nassif et al., 1994; Rudel et al., 1995). The pilCl and
pilC2 genes are controlled by distinct promoters (Taha
et al., 1996). Moreover, the expression of pilC1, but not
that of pilC2, seems to be induced early and transiently
upon contact with viable epithelial cells. A subsequent
negative feedback is then observed and the level of
expression of pilCl declines to its basal level at a late
(intimate) stage of bacterial adhesion (Taha et al., 1998).
This induction depends on the expression of pilCl from
a transcription start point (TSP) that is located in a specific
fragment in the promoter region of pilCI that is absent
from pilC2 (Taha et al., 1996, 1998). The inactivation of
this TSP abolished the induction of the expression of
pilCI upon contact of the bacteria with the host cells and
caused a dramatic reduction in adhesion. As bacterial
adhesion to target cells seems to involve several genes,
the presence of such a regulatory fragment in the pilCI
promoter region might suggest that other meningococcal
genes may possess this fragment and could be controlled
coordinately during bacterium—cell interaction. The aim
of this report is to identify these genes and to analyse the
role of the specific fragment found upstream of pilCI in
the global regulation of the adhesion of Nm to target cells.

Results

The contact regulatory element of Neisseria
(CREN) is a conserved regulatory sequence specific
for pathogenic Neisseria

We have previously identified a fragment of DNA (150 bp)
upstream of the pilCI gene in the meningococcal strain
8013 that was shown to be involved in the induction of
expression of pilCl during bacterium—cell interaction
(Taha et al., 1998). By Southern hybridization, PCR
amplification and DNA sequencing using oligonucleotides
hybridizing to this fragment, we first showed that it
was conserved upstream of the pilCI/ gene in different
meningococcal strains belonging to different genetic
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Fig. 1. Southern blot analysis of Clal-digested chromosomal DNA
from different strains belonging to the genus Neisseria. Hybridization
was performed under conditions of moderate stringency (see Materials
and methods). The probe used in (A) was a PCR-generated fragment
amplified between oligonucleotides C1-152 and C1-8 on the pilCl
promoter and corresponding to the CREN of pilCl. Neisseria
meningitidis (Nm) strains were LNP6505 (1), LNP6548 (2),
LNP8013 (3), LNP10824 (4), LNP12681 (5), LNP12787 (6),
LNP12886 (7), LNP12963 (8), LNP12970 (9), LNP13150 (10),
LNP13407 (11), LNP13473 (12). Neisseria gonorrhoeae (Ng) strain
was MS11 (13). Commensal Neisseria were: N.mucosa strain
LNP405 (14), N.lactamica strain LNP415 (15), N.flavescens strain
LNP414 (16), N.cinerea strain LNP415 (17), N.polysaccharia strain
LNP462 (18), N.sicca strain LNP3265 (19). The probe used in

(B) was an internal fragment of crgA generated by PCR using
oligonucleotides 98-4 and 98-7. Nm strains were LNP10824 (1),
LNP7381 (2), LNP6505 (3), LNP12873 (4), LNP12792 (5),
LNP13146 (6), LNP12870 (7), LNP8013 (8), LNP13083 (9) and
LNP13145 (10). These strains belong to different genetic lineages
(Guibourdenche et al., 1997). The probe used in (C) was an internal
fragment of crgA generated by PCR using oligonucleotides 98-4 and
98-7. Nm strain LNP8013 (1), Moraxella catarrhalis (Mc)

LNP417 (2), N.gonorrhoeae strains MS11, LNP403 and

LNP6911 (lanes 3-5); commensal Neisseria were: N.lactamica strain
LNP415 (6), N.polysaccharia strain LNP462 (7), N.cinerea strain
LNP415 (8), N.perflava strain LNP407 (9). All these strains were
reported previously (Taha and Marchal, 1990; Guibourdenche et al.,
1997).

lineages (Figure 1A and data not shown). We also tested
DNA from Neisseria gonorrhoeae strain MS11 and from
commensal Neisseria strains. As shown in Figure 1A, only
DNA from pathogenic Neisseria (Nm and N.gonorrhoeae)
hybridized with the probe under moderately stringent
conditions. Each meningococcal strain showed a multiple
banding hybridization, indicating that several regions on
the meningococcal chromosome harbour homologous
sequences to the probe. As this fragment was shown to
be involved in the induction of transcription of pilC1 upon
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contact with target cells, we tentatively named it CREN
for contact regulatory element of Neisseria. Data from
hybridization experiments suggest that several meningo-
coccal genes could be coordinately regulated by cell
contact using CREN.

Isolation of recombinant plasmids harbouring
CREN-homologous fragments

Next we tried to isolate a gene(s) that could be controlled
by CREN in Nm. A cosmid-born gene bank from Nm
strain 8013 was maintained in Escherichia coli. By colony
blotting using the CREN of pilC1 as a probe, we isolated
several positive E.coli clones. One of them (harbouring
cosmid pNM5-266) was chosen for further study. Using
Southern blot analysis, the Clal fragment (9.5 kb) on
pNM5-266 was shown to hybridize with the probe; it was
subcloned into pUCI18 vector to obtain the recombinant
plasmid pTC1-202 (Figure 2) Smal fragment on pTCI-
202, which hybridized with the probe, was separated
into several subclones and the nucleotide sequence was
determined. An open reading frame (ORF), encoding a
299 aa protein, was found in this Smal fragment. Upstream
of this ORF is a sequence homologous to the CREN of
pilC1 (Figure 2B). The CREN of pilCI and crgA shared
65% homology. Like pilCI, crgA has in its CREN the
unusual motif GG-N8-AC with a single mismatch (A
instead of G) (Figure 2B). Indeed, sequences from other
CRENs showed GG-N8-(A/G)C (data not shown). We
have reported previously that this motif, which is close
but not identical to the —24/-12 consensus sequence, is
important for the expression of pilCI upon contact with
target cells (Taha et al., 1998).

The sequence of the ORF was submitted to DDBJ/
EMBL/GenBank under accession No. AF190471. This
ORF was tentatively named crgA for contact-regulated
gene A. Upstream of crgA is another divergent ORF that
encodes a potential protein homologous to the mdaB
gene of E.coli. mdaB-encoded protein is involved in the
modulation of the sensitivity of bacteria to tumoricidal
agents (Chatterjee and Sternberg, 1995). Downstream of
crgA is the 3’ end of an ORF homologous to the carB
gene of N.gonorrhoea, which encodes one of the subunits
of the carbamoyl-phosphate synthase (Lawson et al.,
1995).

Next we performed Southern blotting experiments under
moderate stringent conditions using as a probe an internal
fragment of crgA generated by PCR using oligonucleotides
98-4 and 98-7. All Nm strains tested harboured a copy
of the crgA gene (Figure 1B). DNA from strains of
N.gonorrhoeae hybridized with the probe while no hybrid-
ization was observed with DNA from commensal Neisseria
(Figure 1C).

crgA is induced upon contact with target cells

As crgA, like pilCl, is preceded by a CREN, we first
analysed the expression of crgA. Total RNA was extracted
from Clone 12 (wild-type meningococcal strain); an S1
mapping experiment was performed using a PCR-ampli-
fied fragment generated from oligonucleotides 98-2 and
98-3 (Figure 3A). TSPs were detected and were named
P1 and P2. Similar results were also obtained by primer
extension experiments using the oligonucleotide 98-3 (data
not shown). Like pilCI, crgA has a TSP within the
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Fig. 2. (A) Schematic representation of the crgA locus in Nm (Clone 12). Recombinant plasmid pTC1-202 was constructed from the original cosmid
PNMS5-266 as described in the text. Thick black arrows indicate the organization of ORFs. Recombinant plasmid pTC1-208 was constructed by
subcloning the fragment Smal-Miul of pTC1-202 into pUC18 vector. crgA was then disrupted by the insertion of a cassette encoding an antibiotic
resistance (kanamycin or spectinomycin) into the PstI site. Recombinant plasmid pADS5 contains the crgA—lacZ-aph-3' transcriptional fusion (see
Materials and methods for detailed description). Small arrows indicate oligonucleotides used in this study, white boxes correspond to DNA of
vectors. The figure is not drawn to scale. (B) Alignment of the nucleotide sequence of the CREN of pilCI and crgA. The TSPs (P2 for crgA and
PC1.3 for pilCI), the beginnings of the ORFs and the Shine—Dalgarno sequence (SD) are indicated. The CREN of both genes is in a box. The
GG-N8-(A/G)C motif is in bold. The sequences of pilCI and crgA that bind CrgA are upstream of the boxed region and the T-N11-A motifs are

underlined.

Table I. B-galactosidase activity during bacterium—cell interaction

Strain crgA Gene fusion 1 h of infection

4 h of infection 9 h of infection

bacteria alone cell-associated

bacteria alone cell-associated bacteria alone cell-associated

Clone 12 wild-type crgA  no fusion no activity no activity
NM98-3  inactivated no fusion no activity no activty
KZ1 wild-type crgA  pilCl-lacZ 204 = 53 950 = 429
NM98-5 inactivated pilCl-lacZ 185 = 45 2374 + 1558
EZ1 wild-type crgA  pilE-lacZ 422 *+ 61 280 = 27
NM99-3  wild-type crgA  crgA-lacZ 14 £8 40 £ 4

no activity no activity no activity no activity
no activity no activity no activity no activity
248 + 52 418 = 308 258 * 82 249 * 69
120 * 27 764 = 47 148 * 54 772 = 158
373 + 37 284 £ 25 367 = 105 108 £ 1
127 75 = 10 14 x5 60 £ 24

CREN (P2), which is preceded by the motif GG-N§-AC
(Figures 2B and 3A). crgA is hence likely to be upregulated
by target cell contact. To test this hypothesis, a primer
extension analysis was performed with cell-associated
bacteria harvested from a 1 h infected monolayer of Hec-
1-B epithelial cells. In this analysis, we compared identical
amounts of cell-associated bacteria with bacteria grown
alone in cell culture media. As shown in Figure 3B, crgA
seemed to be expressed at a higher level from P2 when
bacteria interacted with the Hec-1-B epithelial cells. As
an alternative test for the induction of crgA transcription
upon cell contact, a promoterless lacZ gene was inserted
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downstream of the crgA stop codon (Figure 2A). crgA—
lacZ was then introduced into Clone 12 (a wild-type
meningococcal strain for crgA) to give strain NM99-3. In
the absence of cells, crgA seemed to be expressed at a
very low level (Table I) when Hec-1-B epithelial cells
were infected (see Materials and methods), the level of
B-galactosidase activity was found to be increased 3—
6 times in cell-associated bacteria compared with bacteria
grown alone in cell culture medium in the case of
strain NM99-3 (crgA-lacZ) and strain KZ1 (pilCl-lacZ)
(Table I). No induction was observed for strain EZ1
(pilE-lacZ), which showed a reduction in the level of
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Fig. 3. Nuclease S1 and reverse transcriptase promoter mapping of the
TSPs of crgA. (A) S1 mapping was performed using an end-labelled
fragment obtained by PCR between oligonucleotides 98-2 and 98-3.
Total RNA was extracted from Clone 12 grown on GCB medium.

(1) Total RNA from Clone 12 was incubated with the PCR fragment
in the presence of S1 enzyme; (2) the PCR fragment was incubated in
the presence of S1 enzyme but no RNA was added; (3) total RNA
from Clone 12 was incubated with the PCR fragment but no S1
enzyme was added. Arrowheads indicate the TSPs P1 and P2. DNA
sequence of the coding strand is shown with P1 and P2 indicated.

(B) Reverse transcriptase mapping experiments were performed using
total RNA extracted (1) from Hec-1-B epithelial cells, (2) from Hec-1-
B cells infected with Clone 12 for 1 h, and (3) from Clone 12 grown
alone in cell culture medium. The arrowhead indicates the TSP P2.

B-galactosidase activity in cell-associated bacteria after
9 h of infection (Table II). Like pilCI, crgA seems to be
induced upon cell contact.

Characterization of crgA as a new regulatory gene
in Nm that is involved in bacterial adhesion to
epithelial cells

Searches in non-redundant DDBJ/EMBL/GenBank CDS
translations + PDB + SwissProt + Spupdate + PIR
indicated a strong homology (ranging between 47 and
77%) of CrgA to LysR-type transcriptional regulators

Cross-talk between meningococci and target cells

(LTTRs), possibly the most common type of transcriptional
regulators in prokaryotes. LTTRs are involved in very
diverse biological functions such as amino acid biosyn-
thesis and regulation of virulence factors (Schell, 1993).

To study the possible regulatory role of crgA, we
inactivated it by inserting a kanamycin- or spectinomycin-
resistance gene (strains NM98-1 and NM98-3, respect-
ively) (Figure 2A). When grown in GCB medium (Difco),
these mutants produced amounts of pilin similar to the
wild-type strain as judged by Western blotting (data not
shown). Thus, crgA does not affect pilE expression under
these conditions (absence of target cells).

We next analysed the effect of the inactivation of crgA
on the adhesion of Nm to human epithelial Hec-1-B cells.
Monolayers of these cells were infected by Clone 12
(wild-type strain) or its crgA mutants and, after 1, 4 and
9 h the adhesion level was scored as described in Materials
and methods. After 1 h of infection, the crgA mutants and
wild-type strain showed comparable levels of adhesion to
epithelial cells (Figure 4 and data not shown). However,
adhesion of both mutant strains was dramatically reduced
(20-50 times) after 4 and 9 h of infection (Figure 4).
Moreover, the strain that had a kanamycin-resistance gene
inserted downstream of the stop codon of crgA behaved
like the wild-type strain (data not shown), ruling out the
possibility that the phenotype observed in crgA mutants
might be provoked by a polar effect on a downstream
gene. These results indicate that the crgA gene is involved
in the regulation of the adhesion of Nm to target cells and
in particular, in a late step most likely corresponding to
intimate adhesion.

crgA is involved in intimate adhesion of Nm and in
effacing of microvilli on the surface of target cells
We next analysed the Nm-cell interactions at the
ultrastructural level. Morphological examinations and
incubation with concanavalin A (conA), which binds
preferentially to o-D-mannose and o-D-glucose residues
at the cellular surface, revealed selective association of
the wild-type strain of Nm (Clone 12) with non-villous
cell surfaces. These surfaces also showed weak conA
binding (Figure 5A, compare infected with non-infected
cells). Clone 12 was able to establish intimate adhesion
with target cells (Figure 5B). It is noteworthy that the
conA reaction product preferentially stained microvilli at
the surface of bacteria-free cells.

When a crgA mutant was tested, it showed a quite
different interaction with target cells. Indeed, the crgA
mutant was unable to adhere intimately to cells. Bacteria
were always distant from the cell surface; bacterial and
cellular membranes were never observed to come into
direct contact (Figure 6). Moreover, microvilli were still
present at the surface of the cells. Taken together, these
data strongly suggest that the crgA mutant is impaired in
adhesion to target cells and that the crgA gene is involved
in the establishment of an intimate adhesion between Nm
and target cells.

The expression of pilCI is modulated through Nm—cell
interaction (Table I; Taha er al., 1998). One possible
explanation of the phenotype of the crgA mutant could be
the absence of pilCl modulation. We therefore tested the
effect of crgA inactivation on the expression of pilCl.
The insertionally inactivated crgA gene was introduced by
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Table II. Oligonucleotides used in this study

Oligonucleotide Sequence Relevant characteristic

C1-8 5'-ctgectttttaaagttttattcatcgt-3" 3’ of the non-coding strand of pilCI

Cl1-354 5'-ggataacagtaatattcaaagattat-3’ 5’ of the coding strand of pilCI

Cl-152 5'-cctgeecgacggtatccegegaageaagat-3' 5" of the coding strand of pilC1

C1-128 5'-cacgcagggcgcacataaggce-3’ 5’ of the coding strand of pilCI

Z-1 5'-cccgtaatcttacgtcagtaactt-3' 3’ of the non-coding strand of lacZ

KM6 5'-cccagcgaaccatttgagg-3’ 5’ of the coding strand of aph-3" gene

KM3 5'-gcggaagcttgecgtetgaatgctttttagacatctaaatctagg-3’ 5" of the non-coding strand of aph-3’

98-1 5'-gcgtcaaatgaaataatcagatgt-3' Figure 2

98-2 5'-gatgaatgtattgtgccgttttac-3’ Figure 2

98-3 5'-caccacttgaacaaatacggtcagttcttc-3’ Figure 2

98-4 5'-cgttcagecgtgegegagagettggeatgg-3’ Figure 2

98-7 5'-gcttcggaagaaacgagcegaaagte-3’ Figure 2

99-3 5'-cgtcatatgaaaaccaattcagaagaactgacc-3’ 5’ of the coding strand of crgA

99-5 5'-gctggtetcecatgaaaaccaattcagaagaactgacc-3’ 5" of the coding strand of crgA

99-6 5'-cacctcgagtccacagagattgtttcccagtte-3' 5’ of the non-coding strand of crgA

99-7 5'-gecggatecttatccacagagattgtttcccagtee-3’ 5’ of the non-coding strand of crgA

99-8 5'-gctatcgatttctataaaaacctgtcataaaattg-3’ Figure 2

99-9 5'-gctgaattcaaaaagccgagaccatctggg-3’ Figure 2

99-17 5'-aatacacacctgcaaaggegg-3' 5" of the coding strand of pilT

99-18 5'-tttagcgecgaaggcegagtaagt-3’ 3’ of the coding strand of pilT

porAQ 5'-gatgtcagcctatacggcegaaatcaaa-3’ 5’ of the coding strand of porA

porA101 5'-gccgataaacgagecgaaate-3’ 3" of the non-coding strand of porA
50

—®— clone 12
—Oo— EZI
—0— K71
—&— NM98-3
NM98-5

251

bacteria inthe supernatant *100

Cell associated bacteria/

Time (hours)

Fig. 4. Adhesion level of Clone 12 and its derivatives on Hec-1-B
epithelial cells. Infection was performed as described in Materials and
methods. At 1, 4 and 9 h post-infection, cells were lifted off the plates
and the adhesion level was measured.

transformation and allelic replacement into the previously
described strain KZ1 to obtain the strain NM98-5. Strain
KZ1 harbours the pilCl-lacZ transcriptional fusion (Taha
et al., 1998). In adhesion assays, strains KZ1 and NM98-5
behaved like wild-type strain and CrgA~ mutant, respect-
ively (Figure 4). Both KZ1 and NM98-5 showed an
increase in [-galactosidase activity in cell-associated
bacteria, reflecting the induction of pilCl. In contrast
to the wild-type strain, this induction was maintained
throughout the adhesion in the strain NM98-5 (crgA
mutant) (Table I). These results suggest that at least part
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of the effect of crgA inactivation (diminution of adhesion
and absence of intimate adhesion) might be due to the
absence of negative feedback regulation on pilCI during
adhesion to target cells. Therefore, CrgA could be a
negative regulator of pilCl during the intimate phase of
bacterial adhesion. As adhesion assays have been per-
formed using encapsulated strains, and as capsule is known
to hinder bacterium—cell contact, we tested whether capsule
level was modified during Nm—cell interaction. Colony
blotting analysis was used to monitor capsule level in
cell-associated bacteria and in bacteria grown alone in
cell culture medium. As shown in Figure 7, when Clone 12
(wild-type strain) was tested, cell-associated bacteria had
a lower capsule level than bacteria grown alone in cell
culture medium. No difference was observed when strain
NMO98-3 (crgA mutant) was tested. Similar results were
also obtained from an agglutination test (data not shown).
These results indicate that capsule synthesis is also downre-
gulated during intimate Nm-—cell interaction in the wild-
type strain but not in the crgA mutant.

Purified CrgA binds pilC1 and crgA promoters

To test the hypothesis that CrgA regulates the expression
of pilC1 by binding directly to its promoter region, crgA
was cloned in pET28b (Novagen), creating a gene coding
for CrgA with six C-terminal histidine residues. This gene
fusion was expressed under the control of T7 bacteriophage
promoter (see Materials and methods). His-tagged CrgA
was overproduced and purified to >95% purity (data not
shown). Purified CrgA was used in gel mobility shift
assays. As LTTRs are known to bind to their own
promoters and to produce in general a negative autoregula-
tory effect (Schell, 1993), we first used a PCR-generated
DNA fragment of crgA (259 bp, oligonucleotides 98-2/
98-3) corresponding to positions —187 to +72 with respect
to P2, the major TSP of crgA (Figures 2B and 3A). As
shown in Figure 8 CrgA bound specifically to its own
promoter in a dose-dependent manner. However, no gel
shift was observed using another PCR-generated DNA
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Fig. 5. EM micrographs after conA/peroxidase staining of Hec-1-B epithelial cells infected for 9 h by Clone 12 (wild-type). (A) Numerous bacteria
are in close contact with the cell on the right (arrowheads). The cell on the left is devoid of bacteria. Note that the conA/peroxidase reaction
preferentially delimited microvilli on this cell. (B) A higher magnification from (A) (framed). Arrowheads indicate bacteria intimately adhered to the

cell surface.

fragment of crgA (197 bp, oligonucleotides 98-1/98-3)
corresponding to positions —125 to +72 with respect to
P2 (Figure 8). These results suggest that CrgA binds to
its own promoter between the positions —125 and —187.

Interestingly, this region contains several copies of the T-
N11-A motif, which has been suggested to be the recogni-
tion site for LTTRs (Figure 2B) (Schell, 1993). To study
the effect of CrgA on its own expression, RT-PCR analysis
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Fig. 6. EM micrographs after conA/peroxidase staining Hec-1-B epithelial cells infected for 9 h by strain NM98-3 (crgA mutant). (A) Bacteria are
spread on the cell surface, but are not involved in intimate adhesion. Few pili (small arrows) are present. (B) One diplococcus is seen in close
proxmity to the cell membrane but is still separated from the cell surface by a space in which the product of the conA/peroxidase reaction is present

(arrow).

of the transcription of crgA in Clone 12 (wild-type) and
strain NM98-3 (crgA mutant) was performed. As shown
in Figure 9, strain NM98-3 showed a higher transcription
of crgA than the wild-type strain. As a control, no
difference was observed in the transcription of the porA
gene, which does not harbour a CREN (Arhin ez al., 1998),
and which encodes one of the major outer membrane porins
of Nm (Figure 9). These results suggest that CrgA has a
negative autoregulatory effect.

We next tested a PCR-generated fragment (408 bp,
oligonucleotides C1-354/C1-8) of the pilCl gene corres-
ponding to positions —319 to +89 with respect to the
major TSP (PC1.3) (Taha et al., 1996). This fragment
harbours the major TSP involved in the induction of
expression of pilCI upon cell contact (Taha et al., 1998).
CrgA bound specifically to the pilCl promoter region
(Figure 8). Another PCR-generated fragment (205 bp,
oligonucleotides C1-152/C1-8, positions —116 and +89)
of pilCI also showed a gel shift in the presence of CrgA
(data not shown). However, no gel shift was observed
using a PCR-generated DNA fragment of pilCI of 162 bp
between oligonucleotides C1-128/C1-8, and corresponding
to positions —63 to +89 with respect to PC1.3 (Figures 2B
and 8). These results suggest that CrgA binds specifically
to pilCl promoter between the positions —63 and —116.
Interestingly, this region also contains the motif T-N11-A
(Figure 2B).
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For both crgA and pilCl, the addition of an excess of
unlabelled heterologous DNA did not prevent DNA bind-
ing, while the addition of an excess of unlabelled homolog-
ous DNA effectively prevented DNA binding (Figure 8).
These results demonstrate the specificity of CrgA binding
to crgA and pilCl promoters.

The binding of CrgA to pilT promoter was also tested.
Indeed, pilT, one of the pilus-related genes, has recently
been reported to be required for the induction of intimate
adhesion of Nm to epithelial cells (Pujol et al., 1999). A
PCR-generated fragment (530 bp) containing the upstream
region of the pilT' gene (between —494 and +36 with
respect to the start codon) was used to test DNA binding.
No CrgA-DNA complex of reduced mobility was observed
under our experimental conditions with this fragment
(Figure 8). These results indicate that CrgA regulates the
expression of pilCI by binding specifically to its promoter
region but does not bind to the pilT promoter.

Discussion

Initial interactions between pathogenic bacteria and target
cells are crucial events in cell infection. The results
reported here confirm the two-step model of Nm-—cell
interaction. Bacteria first attach to epithelial cells in
a pilus-dependent manner (initial adhesion). We have
previously reported cross-talk between Nm and target cells
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Fig. 7. Colony blotting to monitor capsule level. Adhesion of

Clone 12 (wild-type) and strain NM98-3 was performed as described
in Materials and methods. After bacterial counting, serial dilutions of
whole bacteria were spotted onto a nitrocellulose membrane. Equal
amounts of bacteria were spotted, 2 X 107 (1), 4 X 10° (2) and

8 X 107 (3). The membrane was immunoblotted using a rabbit anti-
serogroup C serum and revealed using the ECL-kit (Amersham). A
strain of serogroup B (LNP17114) and epithelial cells alone were also
tested as controls.
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heterologpous DNA (300 ng)  + + + + F % + s + IS
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Fig. 8. Gel retardation analysis with purified CrgA. The promoter
regions used were those of crgA, pilCI and pilT. These regions were
amplified by PCR using oligonucleotides 98-2/98-3 and 98-1/98-3
(crgA), C1-354/C1-8 and C1-128/C1-8 (pilCI) and 99-17 and 99-18
(pilT). PCR fragments were end labelled using T4 polynucleotide
kinase and [y—32P]ATP (3000 Ci/mmol; Amersham). For each sample,
25 ng of labelled fragment were incubated with increasing amounts of
purified CrgA (top) as described in Materials and methods.
Heterologous DNA (500 ng) was present in all cases. Competition
experiments with unlabelled homologous DNA (100 ng) were also
performed for crgA and pilCl.

that induces pilCI gene expression and that is necessary
for an optimal bacterial adhesion. This induction required
the CREN element in the pilCI promoter and was transient.
The expression of pilE does not seem to be induced upon
contact with cells, and the pilE promoter region does not
harbour a CREN-like element (Taha et al., 1996).
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HNA Clame 12 NM#83 Clone 12 NMIE3

RT + +

crgA

porA

Fig. 9. RT-PCR analysis of the expression of crgA and porA genes.
Oligonucleotides used were 98-4 and 98-7 (crgA) and porAQ and
porA101 (porA). The bacteria tested are indicated above each lane.
Size markers are indicated on the left. RT, reverse transcriptase.

During the second step, intimate adhesion, the expres-
sion of pilCl decreased to its basal level after 9 h of
adhesion (Taha et al., 1998). It is tempting to speculate that
a negative feedback mechanism represses pilC1 expression
during intimate adhesion of the bacteria to the cells. Pili
also seem to disappear during intimate adhesion.The level
of expression of the pilin structure gene, pilE, declines as
the adhesion progresses (Table II).

Trans-acting regulators of the LTTR family that are
able to modulate the expression of virulence factors
have been reported in several bacteria. One example
is Salmonella typhimurium SpvR, which regulates the
expression of spv virulence genes involved in spleen
invasion (Caldwell and Gulig, 1991; Coynault et al.,
1992). LTTRs are thought to act in a coinducer-responsive
manner in order to permit optimal bacterial survival and
adaptation to environmental factors (Schell, 1993). In Nm,
crgA, a new member of the LTTR family, seems to be
expressed at a very low level in the absence of contact
with target cells. However, it is noteworthy that the
expression of crgA, like that of pilCl, is induced upon
Nm-—cell contact. The nature of the signal responsible for
the induction of expression of crgA and pilC1, as well as the
regulatory protein(s) required, remains to be determined.
However, this induction depends on the presence of CREN
in the promoter region. Once crgA is induced it seems to
repress the expression of pilCI after the initial phase of
induction. The fact that CrgA is able to bind to pilCI
promoter immediately upstream of the CREN is in favour
of this hypothesis. Indeed, the CrgA binding site is distinct
from the sequence necessary for pilCI transcriptional
stimulation by Nm-cell contact (Figure 2; Taha et al.,
1998). CrgA may modulate the function of CREN by
binding DNA in the near vicinity of CREN.

Repression of pilC1 might be necessary for bacterial
adhesion to progress further into intimate adhesion. The
latter may occur by the unmasking of structures involved
in intimate adhesion. In our study, it is unlikely that Opa
proteins or Opc protein plays a major role in this process
as Clone 12 and its derivatives, which are used in this
study, are Opa~ and Opc™. Moreover, the capsule does not
prevent intimate interaction as it seems to be downregul-
ated upon intimate adhesion. The nature of this regulation
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remains to be elucidated. The fact that the capsule level
is not changed in the crgA mutant suggests that CrgA
may directly repress capsule synthesis. However, capsule
diminution may occur after intimate adhesion rather than
prior to it. Alternatively, CrgA, once induced, might
stimulate the expression of the gene(s) involved in intimate
adhesion. These genes remain to be identified, and the
purification of CrgA reported here should facilitate this
identification. According to the second hypothesis, CrgA
might act as both a positive and negative regulator of the
transcription of target genes. Regulators of the LTTR
family are very diverse. In general, they are positive
transcriptional regulators with a negative autoregulatory
effect (Schell, 1993). However, several LTTRs can act as
repressors or even as repressor—activators, such as TfdS
protein encoded by pJP4 in Alcaligenes eutrophus
(Kaphammer and Olsen, 1990).

Adhesion of Nm to target cells provokes bacterium—
cell cross-talk. The target cells seem to undergo several
modifications such as loss of microvilli and carbohydrate-
carrying surface structures, possibly as a result of signal
transduction in the cell. Whether these modifications are
induced by Nm or provoked by different physiological
states of target cells remains to be analysed. Neisseria
gonorrhoeae, which is closely related to Nm, was shown
to induce the production of inflammatory cytokines by
epithelial cells. This induction is dependent on the activa-
tion of the transcriptional factor NF-xB and requires the
adhesion of N.gonorrhoeae to epithelial cells (Naumann
et al., 1997). Moreover, we have recently shown that
piliated (adhesive) meningococci but not non-piliated
(not adhesive) meningococci are capable of inducing
expression of the TNF-o encoding gene in target cells
(Taha, 2000). This induction could be provoked by a
pilus-activated signal transduction pathway in the cells.
Interestingly, cortical plaque formation in Nm-infected
epithelial cells also required pilus-mediated adhesion
(Merz et al., 1999).

A new aspect in this Nm—cell interaction is the fact
that the bacterium also undergoes an adaptive response
through a signal transduction involving a network of
regulators acting in cascade. CrgA could be a member of
this network and could be involved in a coordinate
regulation of bacterial genes such as pilCI and other
genes involved in the intimate adhesion. Other bacterial
regulators in this pathway remain to be identified.

Epithelial cells are located at the interface between
external environment and the host. Pilus-mediated adhe-
sion could be responsible for targeting the interaction of
bacteria to these cells (Abraham et al., 1998). This
interaction would be expected to facilitate the passage of
bacteria to internal compartments of the host. The activa-
tion through signal transduction pathways of bacteria and
these strategically located cells is therefore a key element
in neisserial pathogenesis.

Materials and methods

Bacterial strains and media

Clone 12 is a derivative of 8013, a serogroup C, class 1 strain of Nm.
The relevant phenotype of this strain is P, Opa~, Opc™, PilC1*/PilC27.
Nm was grown on GCB medium (Difco) containing the supplements
described by Kellogg et al. (1963). Escherichia coli strains were DHS
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(Hanahan, 1983) for plasmid preparation and BL21(DE3) pLysS, which
was employed for overproduction of Hisg-tagged CrgA (Studier et al.,
1990). Kanamycin and ampicillin were used at final concentrations
of 100 pg/ml. Spectinomycin was used at a final concentration of
75 ug/ml. Other strains of Neisseria used in this study (see the legend
to Figure 1) were described previously (Taha and Marchal, 1990;
Guibourdenche et al., 1997). Transformation of Nm was performed as
described previously (Taha et al., 1998). Strains EZ1 and KZ1 were
described previously (Taha et al., 1998).

DNA techniques and immunoblotting

All recombinant DNA protocols, RNA extractions, hybridizations and
primer extensions were performed as described elsewhere (Taha et al.,
1988; Sambrook et al., 1989). Oligonucleotides used in this study are
listed in Table II. Primer extension for crgA was performed using
oligonucleotide 98-3.

Immunoblotting for pilin was performed as described previously
(Dupuy et al., 1991). Colony blotting to monitor capsule level was
performed by spotting a serial dilution of whole bacteria onto a
nitrocellulose membrane, which was imunoblotted using a rabbit anti-
serogroup C polyclonal serum (Institut Pasteur). This serum was also
used to perform agglutination, which was estimated by microscopic
examination using a Petroff-Hausser counting chamber (Touzart &
Matignon).

Cloning of meningococcal crgA and construction of
crgA-lacZ transcriptional fusions and Hisg-tagged CrgA
A cosmid library of Nm strain 8013 (Taha et al., 1996) was screened in
a colony hybridization experiment using a PCR-generated DNA fragment
corresponding to the specific promoter region of pilC! (Taha et al.,
1998). The probe was labelled using T4 polynucleotide kinase and [y-
32p]ATP (3000 Ci/mmol; Amersham). For moderate stringent hybridiza-
tion, the nitrocellulose filters were pre-hybridized for 2 h at 55°C and
then hybridized overnight at 40°C. After several washings at 55°C, the
filters were autoradiographed. The positive clones were further analysed
by Southern blotting to define the minimal region hybridizing with the
probe, and to determine the DNA sequence. A 9 kb fragment on the
original plasmid (pNM5-266) was shown to hybridize with the probe.
This fragment was subcloned into the Accl site of pUCI8 vector
(Pharmacia) to obtain the recombinant plasmid pTC1-202. The fragment
Mlul-Smal was subsequently blunt-ended and subcloned between the
Sphl and Smal sites of pUCI18 to obtain the recombinant plasmid pTCI1-
208. crgA was then inactivated by the insertion of a blunt-ended DNA
fragment carrying a cassette conferring resistance to kanamycin or
spectinomycin into the blunt-ended Pstl site of crgA on the recombinant
plasmid pTC1-208 (Figure 2). The resulting recombinant plasmids were
used to transform Clone 12 as previously described (Taha et al., 1998).
Olignucleotides 99-5 and 99-6 (Table II) were used to amplify the
entire ORF of crgA. These oligonucleotides harbour Bsal and Xhol sites
at their 5’ ends, respectively. This fragment was digested by Bsal and
Xhol restriction enzymes, cloned into pET28b (Novagen) that was
digested with Ncol (compatible ends with Bsal) and Xhol. The recombin-
ant plasmid was named pAD2 and was used to overproduce CrgA.
Oligonucleotides 99-7 (with a 5’ BamHI adaptor) and 99-3 (with a 5’
Ndel adaptor) were used to amplify the entire ORF of crgA. The
amplicon was cloned between the Ndel and BamHI sites in the pET16b
vector (Novagen) to obtain the recombinant plasmid pAD1. A PCR-
generated fragment of 250 bp (olignucleotides 99-8 and 99-9) located
immediately downstream of crgA on the meningococcal chromosome
was subsequently cloned between the Clal and EcoRI sites that are
located downstream of c¢rgA in pAD1. The new recombinant plasmid
was named pAD3. A promoterless lacZ gene (Perkins and Youngman,
1986) was then introduced between the BamHI and HindIIl sites on
pAD?3 to obtain the recombinant plasmid pAD4. Finally, the aph-3' gene
(Taha et al., 1998), which confers kanamycin resistance, was then
inserted into the blunt-ended HindIII site at the end of the lacZ fragment
to obtain the recombinant plasmid pADS5. The recombinant plasmid
pADS5 harbours the crgA—lacZ-aph-3' operon, where lacZ is expressed
under the control of the crgA promoter. Plasmid pAD5 was then used
to transform Clone 12. Transformants were selected on standard GCB
medium in the presence of 100 pg/ml kanamycin. Integration by
homologous recombination into c¢rgA on the Nm chromosome was
verified by PCR analysis using oligonucleotides Z-1 and 98-1 (Table II
and Figure 2). One transformant, designated NM99-3, was selected for
further analysis.



Purification of CrgA

The recombinant plasmid pAD2 was used to transform strain BL21
(DE3) pLysS. This strain harbours the T7 RNA polymerase gene under
the control of the inducible lacUV5 promoter. Moreover, this strain is
deficient in Lon and OmpT proteases (Studier et al., 1990). The resulting
strain was grown in LB medium at 37°C until early-exponential phase
(absorbance at 600 nm of 0.2), isopropyl-B-D-thiogalactopyranoside
(IPTG) was added (1 mM) and the incubation was continued for 2 h at
37°C. The cells were harvested by centrifugation at 10 000 g for 30 min
and CrgA was purified on 3.5 ml of Ni-NTA agarose (Qiagen) as
described previously (Derré et al., 1999).

Cell culture, adherence assays and B-galactosidase assays
Adhesion assays were performed using Hec-1-B cells as described
previously (Taha et al., 1998), except that in [-galactosidase assay
experiments, bacteria were centrifuged on the monolayer at 1000 g for
3 min. Adhesion was calculated as the ratio of cell-associated c.f.u. to
c.f.u. present in the supernatant X 100. The production of B-galactosidase
was performed with bacteria obtained from different fractions, i.e. cell-
associated Nm, Nm obtained from the supernatant of infected monolayers
or Nm grown in cell culture medium. At appropriate time points, Hec-
1-B cells and cell-associated Nm were lifted off the plates. The number
of c.f.u. in each fraction under study, i.e. cell-associated Nm, non-
adherent Nm obtained from the supernatant of an infected Hec-1-B
monolayer or Nm grown in cell culture medium, was determined by
plating serial dilutions on GCB plates supplemented with the appropriate
antibiotics. The number of c.f.u. in each fraction was used to standardize
the B-galactosidase assays. The number of c.f.u. was converted to optical
density ODgyy using the equation: 1 ODgyy =9 X 10% bacteria/ml.
B-galactosidase assays were performed using o-nitrophenol-p-galactoside
(ONPGQG). Results are expressed as ‘Miller’ units, which are proportional
to the increase in the absorbance of free o-nitrophenol per minute per
constant cell density (Miller, 1972).

Gel retardation experiments

Fragments encompassing the crgA, pilCl and pilT promoters were
obtained by PCR amplification. The oligonucleotides used were 98-1,
98-2 and 98-3 (crgA), C1-128, C1-152, C1-354 and C1-8 (pilCI) and
99-17 and 99-18 (pilT) (Table II). These fragments were labelled using
T4 polynucleotide kinase as recommended by the manufacturer (USB)
with ['\{—32P]ATP (3000 Ci/mmol; Amersham). For each sample, 25 ng
of labelled DNA fragment were incubated with increasing amounts of
CrgA (0.03 to 60 ng), and 500 ng of unlabelled heterologous DNA
(pUC19 vector) were also added to eliminate non-specific binding.
Experiments using an excess (100 ng) of the homologous unlabelled
fragment were also performed. Loading buffer was added to the
reaction mixture and samples were loaded onto a 6% non-denaturing
polyacrylamide gel. After electrophoresis, the gel was dried and auto-
radiographed.

Reverse transcriptase-polymerase chain reaction (RT-PCR)
Total RNA was prepared using the SV Total RNA Isolation System
(Promega). Expression of the crgA gene was monitored by RT-PCR.
Five nanograms of total RNA were reverse transcribed into a single-
strand cDNA using the oligonucleotide 98-7 (Table II) and reverse
transcriptase (RT) (Promega). Amplification was then performed using
the two oligonucleotides 98-4 and 98-7 (Table II) to obtain a 320 bp
fragment. As a control, RT-PCR analysis was similarly applied to
analyse expression of the porA gene. Five nanograms of total RNA were
reverse transcribed into a single-strand cDNA using the oligonucleotide
porA101 (Table II). Amplification was then performed using the two
oligonucleotides porAO and porA101 (Table II) to obtain a 170 bp
fragment. Reverse transcriptase and PCR protocols were as described
previously (Sambrook et al., 1989). PCR products were electrophoresed
on 2% agarose gel and stained with ethidium bromide.

Electron microscopy
For electron microscopy (EM), Hec-1-B cells were infected by Clone 12
(wild type) or by strain NM98-3 (crgA mutant). After 9 h of infection,
monolayers were washed with Sorensen’s, 0.1 M phosphate buffer
pH 7.3, and prefixed in 1.6% gluteraldehyde in the same buffer at 4°C
for 1 h (morphological examination) or for 30 min (cytochemical
reaction). For conventional analysis, monolayers were postfixed in
buffered 1% OsQy, dehydrated in ethanol and embedded in Epon.
Ultrathin sections were stained with uranyl acetate and lead citrate.
For cytochemistry (ultrastructure visualization of carbohydrate com-
ponents), we used the technique described by Bernhard and Avrameas
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(1971). Cells were prefixed for 30 min in glutaraldehyde and then rinsed
in phosphate-buffered saline (PBS) and incubated in PBS containing
conA (0.05 mg/ml) (Sigma) at room temperature for 15 min with gentle
agitation. Cells were rinsed in PBS and treated with horseradish
peroxidase (0.05 mg/ml in PBS) (HRP, grade VI; Sigma) at room
temperature for 15 min. The peroxidase activity was visualized by means
of diaminobenzidine (DAM) reaction. Postfixation was in 2% OSO4—
1.5% potassium ferrocyanide solution for 1 h. After dehydration in
ethanol, cells were embedded in epoxy resin in situ in culture wells.
Ultrathin sections were cut tangentially or vertically to the basal surface
of the plastic wells and examined unstained or slightly counter-stained
with lead citrate. Examinations were performed in a JEOL-JEM 1010
electron microscope.
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